Abstract: Transgenic mammals, from small laboratory rodents to domestic animals, have been successfully produced to date, but their production efficiency within or across species has been variable. This is probably due to the differences in the type of injected DNA and/ or technical procedures employed in each laboratory, as well as the reproductive characteristics of the species. Here we report the direct comparison of the efficiencies of producing transgenic mice, rats, rabbits and pigs by one technician using a fusion gene composed of the bovine αS 1 -casein promoter and human growth hormone (hGH) gene. Before the fusion gene was injected into the zygotes, high magnitude centrifugation to visualize the pronuclei was necessary for all of the pig zygotes and one-third of the rabbit zygotes, but not for mouse and rat zygotes. Post-injection survival of the mouse zygotes (67.1%) was lower than those of the rat, rabbit and pig zygotes (89.6 to 100%). The volume change of the pronucleus following DNA injection was the lowest in mice (50% increase), moderate in rabbits (148% increase), and the most prominent in rats (238% increase). The data from only 1 pig zygote indicated a 22% increase in the pronucleus volume by DNA injection. The PCR analyses of the tail DNA of new born offspring indicated that 0.8% (4/ 493), 4.8% (22/463), 0.8% (3/367) and 0.9% (2/221) of the injected eggs in mice, rats, rabbits and pigs, respectively, developed into transgenic offspring. Some of the founder animals in all four species expressed the transgene in the mammary gland which was confirmed in hGH mRNA by RT-PCR and/or hGH peptide in Witch's milk with ELISA. These results suggest that the maximum volume of DNA solution injectable into the pronucleus is a possible factor explaining the species differences in the production of transgenic animals.
Introduction
Following the first report of transgenic mice [7] , the integration of exogenous DNA into the genomes of other mammalian species, including rats, rabbits, goats, sheep, pigs and cattle, has been successfully achieved [26, 37] . The efficiency in producing transgenic animals within and across species has been quite variable. In the production of transgenic mice it was reported that 0.5 to 10.0% of the DNA-microinjected zygotes developed into offspring carrying exogenous DNA [2, 3, 19, 22, 34] . A range of 0.4 to 4.8% of the DNAmicroinjected rat zygotes were reported to develop into transgenic rats [4, 13, 15, 17, 20, 32] , and in rabbits and pigs, 0.3 to 2.6% [1, 18, 21, 30, 31] and 0.3 to 1.4% [8, [27] [28] [29] 36 ] of the DNA-microinjected zygotes developed into the transgenic animals, respectively. However, concluding that the efficiency of producing transgenic animals is dependent on the body size of the animals based on these reports is problematic, because a great variety of exogenous DNA constructs and technical protocols for DNA microinjection were employed in each laboratory. The reproductive potential of the individual animal species (e.g., number of offspring viable after embryo transfer) also needs to be considered for the differences in the efficiency of producing transgenic animals.
In the present study, a single gene construct was microinjected by one skillful technician into pronuclear zygotes from mice, rats, rabbits and pigs, and the efficiencies of producing the transgenic animals were compared among the four species. In addition, the expression of the transgenes in the mammary glands was examined both in mRNA by RT-PCR and in peptide by ELISA.
Materials and Methods

Preparation of exogenous DNA:
A fusion gene construct of bovine αS 1 -casein and human growth hormone (hGH) was prepared according to previously reported methods [23] . Briefly, the HindIII/BamHI fragments of the 5' regulatory region of the bovine αS 1 -casein gene were prepared by PCR, and inserted into the BamHI sites of the plasmid p0GH containing the coding regions, introns, and poly-A signal of hGH (Nicholas Institute Diagnostics, CA, USA). The recombinant plasmids were digested with HindIII and XbaI. The fusion genes were separated by 1.2% agarose gel electrophoresis and extracted from the gel with Geneclean II (BIO101, CA, USA). For microinjection, the DNA (2.8 kb) was dissolved in 10 mM Tris-HCl (pH 7.6)/0.1 mM EDTA to yield a final concentration of 5 µg/ml and stored at -20°C until use.
Pronuclear microinjection in the mice: Specificpathogen-free (SPF)/virus antibody-free (VAF) Crj:B6D2F1 (Charles River Japan, Yokohama, Japan) female mice (8 to 13 weeks old) were superovulated by intraperitoneal (i.p.) injections of 5 IU equine chorionic gonadotropin (eCG: Nippon Zenyaku, Fukushima, Japan), and 5 IU human chorionic gonadotropin (hCG: Sankyo, Tokyo, Japan) after a 48-hr interval, and coupled overnight with C57BL/6NCrj male mice. The pronuclear-stage zygotes were collected 20 hr after the hCG injection and placed in Dulbecco's phosphate buffered saline (D-PBS; Nissui Pharmaceuticals, Tokyo, Japan) supplemented with 20% fetal bovine serum (FBS; Equitech Bio, TX, USA). The maximum volume of exogenous DNA solution was microinjected into the male pronucleus with the aid of a pair of manipulators (MO-102 and MO-103; Narishige Scientific Instrument Laboratory, Tokyo, Japan) at × 200 magnification ( Fig. 1-A) as previously reported [16] . One to 2 hr later, the morphologically surviving DNA-injected zygotes in Whitten's medium [40] were transferred to the oviducts of pseudopregnant ICR mice (19 to 29 zygotes per recipient). The pseudopregnancy of the females was induced by mating with vasectomized males.
Pronuclear microinjection in the rats: SPF/VAF Crj:Wistar female rats (10 to 15 weeks old) were superovulated by i.p. injections of 20 IU eCG and 10 IU hCG, and coupled with male rats of the same strain. The pronuclear zygotes were collected 17 hr after the hCG injection. The introduction of the pipet tip into the male pronucleus was facilitated by finger touching of the microscope stage (micro-vibration) as recently reported [33] , and then the maximum volume of DNA solution was microinjected ( Fig. 1-B) . The surviving zygotes in modified Krebs-Ringer bicarbonate solution [35] were transferred to the oviducts of pseudopregnant Wistar rats (21 to 30 zygotes per recipient).
Pronuclear microinjection in the rabbits: Kbs:JW female rabbits (3.5 to 4.5 kg weight) were superovulated by a single subcutaneous (s.c.) injection of 3.0 AU porcine follicle stimulating hormone (Denka Pharmaceuticals, Japan) dissolved in 10% polyvinylpyrrolidone (Wako Pure Chemical Industries, Japan) as previously described [10] , followed by a s.c. injection of 75 IU hCG 72 hr later. The females were mated with male rabbits of the same strain, and 17 to 19 hr after the hCG injection, pronuclear zygotes were collected by oviduct flushing. When the pronuclei of the zygotes were not detected during microscopic observation at × 200 magnification, the zygotes were centrifuged for 10 min at 12,000 × g to visualize their pronuclei. DNA microinjection until maximum expansion of the male pronucleus was then performed ( Fig. 
1-C).
The surviving zygotes in TCM199 supplemented with 10% FBS were transferred to the oviduct ampullae of Kbs:JW recipient rabbits that had received 75 IU hCG at the same time as the embryo donors (20 to 40 zygotes per recipient).
Pronuclear microinjection in pigs: The Landrace × Large White hybrid gilts (6 to 7 months old, 100 to 110 kg weight) were superovulated by intramuscular injections of 1,000 IU eCG and 500 IU hCG 72 hr apart, and coupled with Durock boars. Pronuclear zygotes were collected 50 to 56 hr after the hCG injection, and centrifuged for 10 min at 12,000 × g. The DNA solution was microinjected into either the male or female pronucleus until the maximum expansion ( Fig. 1-D) . The zygotes in Whitten's medium were transferred to the oviduct ampullae of recipient gilts that had received 500 IU hCG on the preceding day (9 to 36 zygotes per recipient).
Pronuclear volume changes: The pronuclear volumes were calculated from microphotographs of the visible pronucleus taken before and after DNA microinjection. The injected DNA volume (% increase) was expressed as the ratio relative to the pronuclear volume before DNA microinjection.
Identification and expression of transgenes: The presence or absence of the transgenes in the resultant newborn animals was examined as previously reported [23] . The expression of hGH genes in neonatal mammary glands was examined in mRNA by RT-PCR and in peptide by ELISA, as previously reported [12] .
Statistical analysis: Pronuclear expansion by DNA microinjection in the four species was compared by one-way ANOVA. The percentage data in each replicate for transgenic production (post-injection survival, in vivo development, transgenic pups ratio, and overall efficiency producing transgenic animals) were arcsintransformed before being subjected to one-way ANOVA. The significant differences were determined by Scheffe's multiple comparison test using STATVIEW (Abacus Concepts, CA, USA). A value of P<0.05 was chosen as an indication of statistical significance.
Results
Pronuclear characteristics: Species difference in the pronuclear expansion following DNA microinjection was detected as shown in Table 1 . The size of the pronucleus before DNA injection was similar between mice and rats, but the rat pronucleus after injection of the maximum volume of DNA solution expanded more than the mouse pronucleus (238 vs. 50% increase in volume). The levels of maximum expansion in the rabbit pronucleus were the intermediate (148% increase) of those in the mouse and rat pronuclei. The expansion data from only 1 pig zygote indicated a 22% increase in the pronucleus volume by DNA injection.
Efficiency producing transgenic animals: High magnitude centrifugation was necessary for all 221 pig zygotes and 132 (36.0%) of the 367 rabbit zygotes, but not for the mouse and rat zygotes to visualize their pronuclei. As shown in Table 2 , post-injection survival of the mouse zygotes (67.1%) was significantly lower than those of the rat, rabbit and pig zygotes (89.6 to 100%). Transfer of the surviving zygotes into re- cipient females resulted in a higher proportion of newborn offspring in the mice and rats (40.8 and 36.4%, respectively) than in the rabbits and pigs (12.3 and 18.6%, respectively). The mean proportion of transgenic rats among all the offspring born (14.6%) was 2.1 to 4.9 times higher than those of the transgenic mice, rabbits and pigs (3.0 to 7.0%). The overall efficiency of producing transgenic animals was the highest in rats (4.8% of injected zygotes), followed by the three other species (pigs, 0.9%; rabbits, 0.8%; mice, 0.8%; P<0.05 vs. rats).
Transgene expression: As shown in Table 3 , the expression of the hGH transgenes in the mammary glands of some transgenic founders from all four species was confirmed at the mRNA level by RT-PCR, although only small sample numbers were available in mice, rabbits and pigs. The hGH peptide was detected by ELISA in 1 transgenic mouse and 7 transgenic rats. In the pigs, two daughters of the male transgenic founder were found to provide lactating milk which contained a mean hGH concentration of 0.13 mg/mL (data not shown).
Discussion
Pronuclear microinjection of a single gene construct by one technician resulted in the production of transgenic animals at the efficiencies of 4.8% in rats, 0.9% in pigs, 0.8% in rabbits, and 0.8% in mice. Insertion of the injection pipet-tip into the mouse, rabbit, or pig pronucleus was very easy, but a higher proportion of mouse zygotes were damaged during the process of DNA microinjection. The post-injection survival rate of mouse zygotes in the present study (67.1%) was within the range of variations (55 to 81%) reported in previous studies [2, 7, 16, 34] and our background results (55 to 89%; data not shown). Differences in the mouse strains and the breeding batches should be considered for the post-injection survival of the pronuclear zygotes. On the other hand, DNA microinjection into the rat pronucleus seemed to be difficult because the pronuclear membrane is so sticky [5] and the cytoplasmic membrane is more resistant to penetration than that of the mouse embryos [9] . The post-injection survival rates of the rat zygotes have been reported as ranging from 32 to 65% [4, 15, 17, 22, 29, 32,] , but an improved method of micropipet introduction into the rat pronucleus [33] made it possible to inject the amounts of DNA solution without detrimental effects on the rat zygotes in the present study.
The DNA-injected zygotes were transferred into recipient females, and the resulting offspring was lower in the rabbits and pigs (12.3 to 18.6%) than in the mice and rats (36.4 to 40.8%). A part of the rabbit zygotes and all of the pig zygotes were centrifuged before DNA microinjection in order to visualize their pronuclei. However, the high magnitude g force on the pronuclear zygotes themselves was reported not to be detrimental to their subsequent developmental potential in rabbits [11] , pigs [39] and cattle [38] . The reduction in the developmental potential of the DNA-injected zygotes is known in mice [2, 3, 19, 22, 34] , rats [4, 5, 13, 15, 17, 20, 23, 32] , rabbits [8, 21, 30, 31, 39] and pigs [8, 24, 27, 28, 36] to be from one-third to one-half of nontreated zygotes. In the present study, the maximum number of zygotes transferred into each recipient was the same in the four examined species and most of the recipient animals (13 of 13, 100% in mice; 15 of 15, 100% in rats; 8/11, 73% in rabbits; 7 of 9, 78% in pigs) became pregnant by the surgical transfer of the DNAinjected zygotes. Our previous reports indicated that 69% of the intact 2-cell stage rat embryos developed into offspring in vivo [14] , whereas only 31 to 41% of intact pronuclear stage rabbit zygotes did [10] . Therefore, the species difference in the offspring rates may be due to the extent of performance in embryo transfer technology.
The proportion of offspring carrying the exogenous DNA was high in rats (14.6%) but was equally low in mice, rabbits and pigs (3.0 to 7.0%). The species differences in these transgenic offspring is marked by the swelling of the pronucleus after DNA microinjection, 238% in rats, 148% in rabbits, 50% in mice and 22% in pig, which may explain the overall difference in the efficiency of the transgenic animal production. The fully expanded pronucleus shrunk to its initial volume 1 hr after DNA microinjection (data not shown), but the relative volume of the injected DNA solution must be a good indicator of the possibility that the exogenous DNA can contact the genome DNA.
Hammer et al. [8] reported using a single DNA construct such that transgenic rabbits, sheep, and pigs were produced at efficiencies of 13, 1, and 10% per newborn offspring, respectively. Concentrations of the injected DNA, buffer compositions, cell cycle of the pronuclear zygotes, and chromosomal characteristics were considered for the species differences in transgenic animal production. The strains for the embryo donors [13, 34] , as well as the concentrations of injected DNA [2, 13] and the buffer compositions [2] , are among the possible factors influencing the efficiencies producing transgenic mice and rats. It remains unclear in rabbits and pigs whether the optimum strains or breeds are present or not, and it is a subject which requires further research.
In the present study, expression of the integrated hGH gene was confirmed either at the mRNA or peptide level in all four species. The comparison between the animal species and the number of hGH-expressing lines was not valid because the sample numbers were so small. The screening method of the hGH-expressing transgenic founders immediately after birth [12] , employed here, is effective with respect to time and cost savings for animal maintenance, particularly in the large animal species. The possibility and level of exogenous DNA expression in the transgenic founders are known to be influenced by the copy numbers and chromosomal sites of the integrated DNA, as well as the designs of the DNA constructs [6, 23, 25] .
In conclusion, the species differences in the production of the hGH-expressing transgenic animals among mice, rats, rabbits, and pigs can be explained by the differences in the maximum volume of DNA solution injected into the pronucleus as well as the post-injection survival of the zygotes and their subsequent in vivo developmental potential. The direct comparative results in the present study contain useful information for researchers who have experience with DNA microinjection in particular animal species and intend to extend their techniques to other species.
